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Introduction
Many countries operate deceased donor kidney allocation schemes that aim to ensure equity of access to transplantation, while minimizing the number of donor HLA mismatches to reduce the risk of graft rejection. The diversity of HLA types is such that while poorly HLA matched grafts can usually be avoided, most (>80%) recipients receive grafts with one or more HLA mismatches. Inevitably, many grafts eventually fail and this is often associated with the development of antibodies against mismatched donor HLA. If repeat transplantation is undertaken, it is usually necessary to avoid donor HLA mismatches against which the patient is sensitized, a requirement that markedly limits access to transplantation.
It was generally assumed that the breadth of sensitization following a failed transplant increased with the number of donor HLA mismatches, although the precise relationship had not been examined. We recently showed that the risk of allosensitization following failure of a first renal transplant increases incrementally with the number of mismatches at individual HLA-A, -B, -C, -DR, and -DQ loci (1) . In this study, mismatches were based on HLA specificities and the number of donor mismatches within each locus was enumerated as 0, 1, or 2. However, all HLA mismatches within a given locus were considered to have equal relevance to allosensitization and no account was taken of potential differences in immunogenicity according to donor HLA mismatch and recipient HLA type.
accurately assessed by evaluating differences in the number and location of amino acid (AA) mismatches at continuous and discontinuous (eplet) positions, as well as their physicochemical properties. In these approaches, interlocus (HLA-A, -B, -C, or HLA-DRB1/3/4/5) or intralocus (HLA-DQA1/DQB1) AA sequence subtraction is performed on the assumption that a polymorphic AA residue at a given sequence position within a donor HLA can be considered nonimmunogenic if it is expressed on the recipient HLA molecules. In the present study we sought to determine whether donor HLA immunogenicity as defined by differences in the number of amino acid mismatches as well as their physicochemical properties enables better prediction of the development of HLAspecific antibodies in patients listed for repeat renal transplantation.
Methods

Patients and HLA-specific antibody screening
The patient population studied and the antibody screening protocol used have been described in detail previously (1) . Briefly, the study cohort comprised 131 consecutive patients (87 males, 44 females, median age 38) who received a primary kidney allograft between 1995 and 2010, and returned to the Cambridge kidney transplant waiting list following failure of their graft during this time period (56 patients [43%] underwent transplant nephrectomy). Of the 131 patients, 66 (50.4%) continued to receive immunosuppression after return to the waiting list (36 patients received a single agent [prednisolone in all but 4 patients] and 30 received multiple immunosuppressive agents [mostly a calcineurin inhibitor and prednisolone]). During the period when recipients received their primary kidney transplant, organ allocation favored HLA matching, particularly at the HLA-DR locus. Whereas only 11% of the recipient cohort received a donor kidney transplant with 0-1 HLA-A, -B, and -C mismatches, 49% received a graft with 0-1 HLA-DR mismatch. Antibody screening was undertaken at the time of (and prior to) the first transplant, after return to the transplant waiting list following graft failure, and at 3-monthly intervals while remaining on the list for retransplantation. Screening was undertaken using Luminex single antigen beads with mean fluorescence intensity (MFI) cut-off thresholds of 2000 and 8000 to identify the presence of donor-specific antibodies (DSA) and to allow determination of the calculated reaction frequency (cRF) against a panel of 10 000 consecutive UK organ donors (9) . For each patient, cRF was determined for HLA class I loci (HLA-A, -B, -C), for HLA class II loci (HLA-DRB1/3/4/5 and HLA-DQ), and for HLA class I and II loci combined. Multiple sera for each patient listed for retransplantation were examined and the peak reactive serum was identified as that showing the highest cRF within a median (standard deviation [SD]) follow-up period since first transplantation of 2539 (1605) days. Patient sera may exhibit high reactivity to HLA (high cRF) due to the presence of multiple alloantibodies or due to a limited number of alloantibodies directed against broadly reactive public epitopes; such analyses were beyond the scope of this study.
Determination of HLA amino acid mismatch score (AMS), electrostatic mismatch score (EMS), and eplet mismatch score (EpMS)
The amino acid mismatch score (AMS) for each mismatched donor HLA was determined by performing inter-and intralocus amino acid sequence comparisons between the donor HLA and the recipient HLA class I or class II type using a previously described computer algorithm (3, 4) . Similarly, the electrostatic mismatch score (EMS) for each mismatched donor HLA was calculated as the sum of the differences in isoelectric point for each mismatched amino acid (identified above, [3, 4] ). For each patient, the total AMS and the total EMS were calculated by summing the AMS or the EMS for each mismatched HLA present on the kidney donor HLA type. The computer algorithm is freely available for download (http:// www.hlaimmunogenicity.org/download/Cambridge_HLA_Class_I_Immuno-genicity_Algorithm.xls and http://www.hlaimmunogenicity.org/download/ Cambridge_HLA_Class_II_Immunogenicity_Algorithm.xls).
The eplet mismatch score (EpMS) between kidney donor and recipient HLA class I and class II types was determined using the HLAMatchmaker TM computer algorithm (6, 8) .
Statistical methods
Study population characteristics and descriptive statistics for this patient cohort have been detailed previously (1) . A univariate exploratory analysis incorporating HLA immunogenicity variables was performed and is presented in Table S1 . Logistic regression was used to perform univariate and multivariate analyses to explore the association of conventional HLA mismatch grade, HLA immunogenicity scores, and clinical variables, with the risk of developing posttransplant failure HLA-specific sensitization (cRF > 15%) and with the risk of becoming highly sensitized (cRF ≥ 85%).
To examine for an independent effect of HLA immunogenicity scores on posttransplant sensitization, adjusting for the effect of conventional HLA mismatch grade, and to account for potential collinearity between these variables, linear regression was used to de-correlate AMS, EpMS, or EMS from HLA mismatch grade before inclusion into the models. The p-values were taken from likelihood ratio tests. For the DSA analyses, logistic regression models were used to investigate the association between the development of DSA responses (at MFI levels of >2000 and >8000) and clinical and HLA immunogenicity explanatory variables. Initially, each explanatory variable was modelled separately; further models investigated the additional value in incorporating AMS, EpMS, or EMS into models including dual immunosuppression while on the waiting list, length of time on the waiting list, and allograft nephrectomy (DSA analyses consider individual donor-recipient HLA mismatches and, therefore, correction for conventional HLA match grade is not applicable). For presentation, AMS, EpMS, and EMS were grouped, but for regression models, the absolute value was used. Statistical significance was assessed using likelihood ratio tests at 5% significance level. Due to the inherent correlation between HLA immunogenicity scores, AMS, EpMS, or EMS were included separately into the multivariate models. All analyses were performed in R (R Foundation for Statistical Computing, Vienna, Austria) (10).
Results
Antibody screening of the 131 patients comprising the study cohort showed that before transplantation, 16.0% of patients were sensitized (cRF > 15%) and 3.8% were highly sensitized (cRF ≥ 85%) to HLA. While on the waiting list for repeat kidney transplantation, 67.9% became sensitized and 49.6% became highly sensitized to HLA. As reported previously, the level of sensitization in this cohort increased incrementally with the number of donor HLA mismatches of their failed transplant, and all HLA loci assessed (HLA-A, -B, -C, -DRB1, -DRB3/4/5, and DQB1) contributed independently to sensitization (adjusted for pretransplant sensitization), although the contribution of HLA-C locus mismatches was less pronounced. Sensitization was also independently associated with length of time on the waiting list for repeat transplantation and with maintenance of dual-therapy immunosuppression (1) .
In the present study we examined the association between HLA-specific antibody formation and the immunogenicity of donor HLA mismatches as determined by the AMS, EpMS, and the EMS between donor and recipient HLA molecules. The mean (SD) AMS, EpMS, and EMS for HLA class I was 20 (11.1), 17 (9.4), and 31 (20.8), respectively; the mean (SD) AMS, EpMS, and EMS for HLA-DR (-DRB1 and -DRB3/4/5) was 5 (7.2), 8 (10.0), and 7 (9.3), respectively; and the mean (SD) AMS, EpMS, and EMS for HLA-DQ (-DQA1 and -DQB1) was 11 (15.4), 12 (13.9), and 15 (22.8), respectively.
Influence of donor HLA immunogenicity on development of posttransplant HLA-specific sensitization (expressed as cRF) An exploratory univariate analysis was undertaken to determine whether the immunogenicity of donor HLA mismatches expressed by the failed kidney transplant, as assessed by AMS, EpMS, and EMS, was associated with subsequent sensitization detected on analysis of peak reactive sera while patients were on the list for repeat transplantation. For this analysis, cRF levels were categorized into four bands (0-15%, 16-50%, 51-84%, and 85-100%). As shown in Figure 1 Subsequently, multivariate logistic regression was used to adjust for the effect on sensitization of the length of time on the waiting list and of maintenance of dualtherapy immunosuppression while on the waiting list for retransplantation. The analysis was also controlled for the inherent correlation between conventional HLA mismatch grade (0, 1, or 2 HLA mismatches per locus) and HLA immunogenicity scores, using linear regression to de-correlate the AMS, EpMS, or EMS from the number of donor HLA mismatches present on the failed kidney transplant. As shown in Table 1 (cRF ≥ 85%), whereas mismatched amino acids (AMM), EpMS, and EMS had no independent effect.
We also examined the effect of donor HLA immunogenicity scores on the risk of developing sensitization to HLA-A, -B, -C; HLA-DR (-DRB1 and -DRB3/4/5); and HLA-DQ. Multivariate analyses showed that AMS, EpMS, and EMS were independently associated with the risk of developing HLA class I (cRF > 15% and cRF ≥ 85%) and HLA-DQ specific antibodies (cRF > 15%), whereas HLA-DR mismatch grade correlated with locus-specific sensitization with an additional effect attributable to HLA-DR EMS for high (≥85%) HLA-DR specific cRF (Table S2) .
Influence of donor HLA immunogenicity on development of posttransplant DSA We next sought to determine the factors associated with the development of DSA against the HLA mismatches present on the failed renal allograft. For this analysis, all donor-recipient HLA mismatches for the entire study cohort (n = 671) were pooled and analyzed together. Table 2 ). Multivariate logistic regression analyses of HLA Class II DSA responses showed that all three HLA immunogenicity scores were independently associated with the development of HLA-DR (at MFI > 2000 and >8000) and HLA-DQ DSA (Table 2 and Figures 2B and C) and no differences in the predictive power of AMS, EpMS, or EMS were observed.
Discussion
The risk of allosensitization following failure of a first renal transplant increases incrementally with the number of mismatches at individual HLA-A, -B, -C, -DR, and -DQ loci (1). However, this simple numerical approach to assessing HLA mismatch grade takes no account of differences in donor HLA immunogenicity according to recipient HLA type and this is likely to have an important influence on the alloimmune response. Knowledge of HLA structure, along with the ability to characterize alloantibody specificities in patient sera using single antigen bead technology, now allows the potential impact of differences between donor and recipient HLA molecules to be determined, with a view to developing improved strategies for kidney allocation.
In the present study we examined three different approaches for assessment of HLA class I and class II immunogenicity. These ranged from simply enumerating the number of AMM between donor and recipient HLA, to counting the number of polymorphic surface accessible amino acid residues at discontinuous positions of donor HLA that cluster together to form a potential epitope (EpMS), to assessing the physicochemical disparity between the side chains of mismatched amino acids between donor and recipient HLA (EMS). The principal finding was that assessment of donor HLA immunogenicity based on AMS, EpMS, or EMS offers additional value to that of conventional HLA mismatch grade for predicting sensitization to HLA in patients awaiting retransplantation after a failed first kidney transplant. Moreover, donor HLA-DR and -DQ alloantigens with high AMS, EpMS, or EMS were more likely to induce DSA responses, which in the case of HLA-DR were more likely to be of high level (MFI > 8000). Importantly, donor HLA EMS, but not AMS or EpMS, predicted the development of DSA (at MFI > 2000 and >8000) against HLA-A and -B mismatches.
Following kidney transplantation, DSA development against both HLA class I and class II alloantigens is an important risk factor for subsequent chronic humoral rejection and allograft failure (11) (12) (13) (14) . Humoral responses against HLA class II are frequent and commonly involve HLA-DQ specific antibodies (15, 16) . Our study suggests that the risk of developing both HLA-DR and -DQ DSA can be predicted by accounting for the immunogenicity of donor HLA class II mismatches. Our findings agree with recent reports from Wiebe et al demonstrating that high donor HLA-DR and -DQ immunogenicity, as A minority of this patient cohort had low level HLA-specific sensitization before transplantation; adjustment for pretransplant sensitization levels was performed and did not change significantly the results of these analyses.
Statistically significant values are indicated in bold font. AMS, amino acid mismatch score; EMS, electrostatic mismatch score; EpMS, eplet mismatch score; MM, mismatches. Linear regression was used to de-correlate AMS, EpMS, or EMS from HLA mismatch grade before inclusion into the multivariate models. Figure 1 : Association between the immunogenicity of first transplant donor HLA mismatches and posttransplant HLAspecific sensitization expressed as calculated reaction frequency (cRF). HLA-specific alloantibodies were detected using singleantigen HLA beads (mean fluorescence intensity cut-off threshold of 2000); the likelihood of identifying an antibody-compatible organ donor (cRF) was determined by comparing individual patient HLA-specific antibody profiles with the HLA types of 10 000 consecutive UK deceased organ donors. Panel (A) shows peak cRF levels while on the waiting list attributable to antibodies against HLA-A, -B, and -C considered collectively according to the immunogenicity of donor HLA class I mismatches expressed by the failed kidney transplant, as assessed by amino acid mismatch score (AMS), eplet mismatch score (EpMS), and electrostatic mismatch score (EMS). Panel (B) shows peak cRF levels while on the waiting list attributable to antibodies against HLA-DRB1, -DRB3/4/5 and -DQ, considered collectively according to the immunogenicity of donor HLA class II mismatches present on the failed kidney transplant, as assessed by AMS, EpMS and EMS. Panel (C) shows peak cRF levels while on the waiting list attributable to antibodies against HLA class I and class II considered collectively according to the immunogenicity of donor HLA class I and class II mismatches present on the failed kidney transplant, as assessed by AMS, EpMS, and EMS. Patients were categorized according to the likelihood of identifying an antibody-compatible organ donor as cRF 0-15%, cRF 16-50%, cRF 51-84%, and cRF 85-100%. Patients were grouped in quantiles of the variable of interest (AMS, EpMS, or EMS) and within each group the number of patients is shown. assessed by high epitope (eplet) load, increases the risk of DSA development and of subsequent kidney graft failure (17, 18) . We did not, however, demonstrate an advantage in using an eplet approach to assess HLA immunogenicity over simply enumerating the number of amino acid polymorphisms between donor and recipient HLA molecules. AMS and EpMS both reflect differences in amino acid sequence between donor and recipient HLA mismatches and while aiding prediction of immunogenicity of a particular HLA mismatch, they do not take into account the physicochemical properties of the amino acid polymorphisms involved. The specificity and affinity of antibody binding to target antigen is strongly influenced by electrostatic interactions, and these are determined by the number and polar charges of amino acid side chains (2, 19) . EMS integrates information on the number of mismatched amino acids and the differences in electrostatic charges of their side chains between donor and recipient HLA class I and class II molecules. Our results show that this additional information improves the ability to predict the development of an alloantibody response against a given HLA mismatch.
While the present study clearly shows that prediction of HLA immunogenicity based on information derived from polymorphic amino acids on donor HLA and their physicochemical properties is superior to the traditional approach of assigning equal weight to all HLA mismatches within a particular locus, there are some limitations to our study. First, we analyzed alloantibody responses after kidney transplant failure and our findings would be strengthened if they were confirmed in patients with functioning grafts. This would require access to data from a prospective posttransplant alloantibody monitoring program with long-term followup, which is not currently widely available. Second, our analysis is strengthened by quantitative analyses of DSA development based on MFI cut-off levels of >2000 and >8000. However, even though we routinely treat sera with EDTA to overcome the prozone phenomenon (20,21), we acknowledge that titration studies would have provided further evidence on alloantibody strength (22) . Moreover, HLA-DP type was not routinely performed during the period of the study, so we were unable to consider its influence on allosensitization, and it is apparent that many patients become sensitized to HLA-DP after transplant failure (23) . There is, however, no a priori reason why amino acid comparison after intralocus subtraction for HLA-DP should not predict allosensitization since HLA-DP is structurally very similar to HLA-DR and -DQ (24). As described previously (1), the patient cohort in the present study was moderately well matched particularly for HLA-DR and -DQ. While the size of the study cohort was sufficient to demonstrate the additional influence of AMS, EpMS, and EMS over simply counting mismatched HLA specificities, it did not allow indepth analysis of HLA-DQ immunogenicity, because of the limited number of mismatched HLA-DQ specificities within the study cohort. Finally, we have previously shown that transplant nephrectomy did not have an independent effect on overall sensitization to HLA when withdrawal of immunosuppression was taken into account (1) . However, the present study showed that transplant nephrectomy was independently associated with DSA development against donor HLA-A and -B alloantigens, suggesting that these alloantibodies may be absorbed to an extent by the graft and become more apparent after its removal. A similar effect for DSA against HLA class II was not demonstrated and, as explained above, this may be due to the relatively limited number of HLA class II mismatches in this patient cohort.
In conclusion, our findings demonstrate a clear relationship between the immunogenicity of donor HLA class I and class II mismatches and the development of HLA-specific antibodies after graft failure and relisting for transplantation. HLA antibodies severely limit the chance of finding an antibodycompatible donor kidney for patients requiring retransplantation and HLA matching is, therefore, particularly important in recipients who are likely to require repeat transplantation in the future. While the traditional approach to HLA matching, based on counting the number of mismatched HLA specificities has merit, our findings show that more sophisticated approaches to determining HLA compatibility improve assessment of HLA immunogenicity and consideration should be given to incorporating them into HLA matching algorithms. Eurotransplant has implemented the use of HLAMatchmaker to identify antibody-compatible donors for patients who are already highly sensitized (25, 26) . The present study supports the incorporation of such approaches to HLA matching for allocation of deceased donor kidneys to first-time recipients. Although further validation is required, our findings suggest that information on the electrostatic charge of polymorphic amino acids in mismatched HLA alleles (EMS) should be introduced into HLA matching algorithms, as it improves prediction of DSA development and HLA-specific sensitization. Such approaches to HLA matching are also more permissive than simply aiming to avoid as many HLA mismatches as possible, because they identify acceptable HLA mismatches that are likely to be of low immunogenicity, thereby increasing the number of deceased donors that might be considered a suitable HLA match for a given recipient.
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